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Introduction
Cell migration is essential for tissue and organ morphogenesis during development. However, many questions remain about how cells integrate multiple inputs to produce coordinated, stage-appropriate cell migration (Aman and Piotrowski, 2010; Lehmann, 2001) . For example, how do cells become migratory and produce the cell shape changes required to crawl to a new location? How is cell migration coordinated with other developmental events? How do cells know when to stop migrating? The translucent body, availability of cell-specific GFP markers, invariant pattern of cell migration and the relative ease of disrupting gene function using RNAi make Caenorhabditis elegans an excellent model system for investigating these questions. In C. elegans, studies of anchor cell invasion (Sherwood, 2006) , sex myoblast migration (Chen and Stern, 1998) , axon guidance (Killeen and Sybingco, 2008) , and distal tip cell (DTC) migration (Kimble and Hirsh, 1979; Lehmann, 2001; Nishiwaki, 1999) have all helped to reveal the mechanisms by which migrating cells adhere to extracellular matrix (ECM) molecules, interpret guidance cues, and coordinate cell movements with embryonic and larval stages.
During the four stages of hermaphrodite larval development (L1, L2, L3, and L4), migration of the two specialized leader cells known as distal tip cells (DTCs) guides the formation of the hermaphrodite gonad (Hall and Altun, 2008) . The symmetrical U-shape of each gonad arm reflects the migratory path taken by the DTCs. The two DTCs first migrate in opposite directions along the ventral basement membrane. Then, the cells take two 90°turns: toward the dorsal surface and then back towards the midline of the animal. Upon reaching the midline at the end of the L4 stage, the DTCs stop migrating and remain stationary for the rest of the life of the animal. The process is not difficult to monitor because the DTCs are clearly visible in the living worm, and if either cell fails to 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2012.01.003 migrate or follows an aberrant path, malformation of the gonad arm will result (Lee and Cram, 2009 ).
Many well-conserved genes are required for proper DTC migration (Lehmann, 2001; Nishiwaki, 1999) . DTC specification occurs early in the first larval stage, and requires the E/ Daughterless transcription factor HLH-2 (Karp and Greenwald, 2004; Tamai and Nishiwaki, 2007) . The DTCs migrate along the basement membrane deposited by the muscle or hypodermal cells (Kawano et al., 2009; Kubota et al., 2004; Merz et al., 2003) . Metalloproteases such as GON-1 and MIG-17 modify the basement membrane matrix to permit DTC migration (Blelloch and Kimble, 1999; Nishiwaki et al., 2000) . UNC-129/TGF-b (Colavita et al., 1998 ) and UNC-6/netrin (Hedgecock et al., 1990; Merz et al., 2001 ) are cues that influence the path taken by the DTCs. The b-integrin PAT-3 (Gettner et al., 1995; Lee et al., 2001 ) and the a-integrins INA-1 (Baum and Garriga, 1997) and PAT-2 (Meighan and Schwarzbauer, 2007) , are necessary for both the mechanics and the directional guidance of DTC migration. Rac GTPases (LevyStrumpf and Culotti, 2007; Lundquist et al., 2001 ) and their effectors (Lucanic and Cheng, 2008) remodel the cell cytoskeleton and allow the cells to change direction (Hall, 2005) . Cessation of DTC migration is coordinated with the transition from the larval to adult stage, and requires the transcription factor VAB-3/Pax6 (Cinar and Chisholm, 2004; Meighan and Schwarzbauer, 2007; Nishiwaki, 1999) . Using a genome-wide RNAi approach we have identified several novel, conserved genes that appear to play an important role in DTC migration (Cram et al., 2006) . One of these genes, ccdc-55, encodes a coiled-coil domain protein, conserved throughout eukaryotes but of unknown function.
Analysis of ccdc-55(ok2851), a probable null allele, indicates that CCDC-55 is required early in larval development. Therefore, we used an RNAi-based approach to determine the role of CCDC-55 in hermaphrodite DTC migration. CCDC-55 is likely required within the DTC itself for proper DTC migration and for the cells to stop migrating at the correct position. The ccdc-55 gene is found in an operon with several other genes, including rnf-121 and rnf-5, which encode E3 ubiquitin ligase enzymes (Broday et al., 2004; Darom et al., 2010; Didier et al., 2003; Zaidel-Bar et al., 2010) . Analysis of RNAi knockdowns, and the deletion alleles rnf-121(ok848) and rnf-5(tm794), indicates that the entire operon plays a role in DTC migration guidance and cessation of migration.
Results

CCDC-55 is a conserved coiled-coil domain protein
The gene ccdc-55 (C16C10.6) is found in an operon (CEOP3156) with at least three other genes including two E3 ubiquitin ligases, rnf-121 (C16C10.5) and rnf-5 (C16C10.7), and the predicted nucleolar protein C16C10.8 (Garrido-Lecca and Blumenthal, 2010) (Fig. 1A) . ccdc-55 is predicted to encode a 392 amino acid, conserved protein with homologs in many eukaryotes (Kim et al., 2011) . The gene name CCDC-55 indicates that the protein is predicted to be a coiled-coil domain containing protein. The coiled-coil domain is an interaction interface that commonly mediates homo-and hetero-oligomerization of proteins (Mason and Arndt, 2004) . We used the program COILS, which calculates the probability that a given sequence will adopt a coiled-coil conformation (Lupas et al., 1991) , to identify the likely coiled-coil domain in CCDC-55. The predicted coiled-coil domain (amino acids 50-150) coincides with the most conserved region of the protein (Fig. 1B) . Recently, CCDC-55 has been identified as the closest C. elegans homolog to the mammalian protein, nuclear speckle splicing regulatory protein 70 (NSrp70). NSrp70 consists of two coiled-coil domains and divergent RRM-like and RS-like RNA binding domains, and has been shown to bind RNA and to regulate pre-mRNA splicing in cell culture (Kim et al., 2011) . The overall homology between C. elegans CCDC-55 and human NSrp70 is 28% (Kim et al., 2011) , with best conservation (40% identity, 72% similarity) in the N-terminal coiled-coil region, which partially overlaps the first RRM-like domain ( Fig. 1B and C) . CCDC-55 is missing the central RRMlike domain, and has low sequence homology in the C-terminal RS-like region and the second coiled-coil domain, all of which are necessary for the function of NSrp70 (Kim et al., 2011) .
In order to investigate a possible role for CCDC-55 in splicing, we obtained a reporter strain (LET-2::GFP/RFP), in which a shift from green (GFP) to red (RFP) fluorescence indicates altered splicing within a modified let-2 transcript (Kuroyanagi et al., 2010) . In late-L4 animals, the ratio of red to green fluorescence in ccdc-55 RNAi treated animals (0.64 ± 0.04, N = 8) did not differ significantly from controls (0.55 ± 0.02, N = 10; p = 0.08). In adult animals, the ratio of red to green fluorescence increases (Kuroyanagi et al., 2010) . However, the ratio of fluorescence intensities in ccdc-55 RNAi treated adult animals (1.36 ± 0.09, N = 9) again did not differ significantly from controls (1.28 ± 0.07, N = 6; p = 0.54), suggesting CCDC-55 may not play a role in the splicing of let-2 ( Supplementary  Fig. S1A ). We next treated unc-52(e669) animals with ccdc-55 RNAi. The allele e669 results in a stop codon in an alternatively spliced exon of unc-52. Exclusion of this exon by alternative splicing results in suppression of a late larval-onset paralysis phenotype (Rogalski et al., 1995) . Although positive control asd-2 RNAi strongly suppressed the unc-52(e669) paralysis phenotype (17% paralyzed, N = 110) compared to the negative control (69% paralyzed, N = 90), ccdc-55 RNAi did not suppress the paralysis phenotype (83% paralyzed, N = 94; not significantly different from negative control at the 95% CI). (Supplementary Fig. S1B-D) . RNAi of core and alternative splicing regulators has also been shown to affect the switch from sperm to oocyte production in the C. elegans hermaphrodite (Kerins et al., 2010) . Using DIC microscopy, oocyte production in young adult hermaphrodites was observed. All of the ccdc-55 RNAi treated animals (100%, N = 43) and control animals (100%, N = 44) produced oocytes. These data suggest oocyte production does not appear to be regulated by CCDC-55. These results are based on RNAi knockdown experiments that probably do not deplete CCDC-55 protein completely, and are limited in the tissues and genes assessed. Therefore, we cannot conclusively rule out a role for CCDC-55 in splicing. However, taken together with the weak homology data, these results suggest that CCDC-55 might not play a general role in splicing in C. elegans.
2.2.
Deletion of ccdc-55 results in larval arrest
In order to investigate the role of ccdc-55 in C. elegans development, we analyzed the phenotypes resulting from a deletion allele, ok2851. The ccdc-55(ok2851) allele removes 935 bp, including the predicted start codon. There is no start codon in the remaining 244 base pairs of the open reading frame. The deletion does not disrupt the coding sequence or the two predicted poly-A signal sequences of the upstream gene, rnf-121 (Harris et al., 2010) . Although the ccdc-55 genomic locus can be amplified easily in the mutant animals, no transcript is detectable by RT-PCR (data not shown). In the strain VC2493, ccdc-55(ok2851) is maintained over a balancer. Balanced heterozygous hermaphrodites produce wildtype and arrested progeny. To determine the phenotype of ccdc-55(ok2851) independent of possible balancer-related phenotypes, VC2493 hermaphrodites were crossed with wildtype males to produce heterozygous F1 progeny. The ok2851/+ hermaphrodites produced 75% fertile, wildtype appearing and 25% arrested self-progeny (14/58 arrested, Chi squared p = 0.95). Larvae were genotyped using PCR, and arrested larvae were found to be homozygous for the ok2851 allele. In order to determine whether the ok2851 phenotype could be rescued with genomic sequence from the ccdc-55 locus, animals carrying a complex extrachromosomal array, including 15.5 kb of the CEOP3156 operon (from 5.9 kb upstream of rnf-121 to 500 bp downstream of C16C10.8), and the co-injection marker sur-5::GFP, were generated. Progeny of animals homozygous for ccdc-55(ok2851), but bearing the transgenic array, were assessed 48 h after hatching. All of the non-transgenic progeny (100%, N = 39) arrested as small larvae. Although some transgenic progeny also arrested (18%, N = 68), most of the progeny bearing the transgenic array developed normally (82%, N = 68). These data indicate ccdc-55 genomic sequence is sufficient to rescue the larval arrest of ok2851. Taken together, these results suggest ok2851 is a recessive allele of ccdc-55 and a probable null.
We next determined the approximate stage at which the ccdc-55(ok2851) larvae arrest. Comparison of body length in wildtype and arrested animals suggests ccdc-55(ok2851) homozygous animals arrest early in larval development (Byerly et al., 1976) . By 54 h of age, wildtype animals are fertile young adults 1038 ± 63 lm in length (N = 13). In contrast, NSrp70 is indicated by a solid underscore. The rainbow color map was generated using PRALINE (Simossis and Heringa, 2005) and indicates degree of similarity for each amino acid (low homology blue, high homology red).
arrested larvae (417 ± 16 lm, N = 25) are the size of wild-type mid-L2 larvae (410 ± 7 lm, N = 15; p < 0.16, unpaired t-test) (Fig 2A-C) . Although the ccdc-55(ok2851) larvae remain L2-sized, no overt defects are apparent in pharyngeal morphology, rate of pharyngeal pumping, ingestion of mCherry-labeled bacteria, intestinal morphology, or overall body morphology (data not shown). The gonad in the arrested ccdc-55(ok2851) larvae at 54 h is significantly longer (62 ± 9 lm, N = 22) than in the size-matched wildtype animals (36 ± 3 lm, N = 15; p < 0.001, unpaired t-test) ( Fig. 2D and E). This phenotype could be the result of precocious or too rapid expansion of the gonad in ccdc-55(ok2851) larvae, or instead could be the result of some continued gonad growth in arrested animals. We used the rescued line to determine the relationship between pre-arrest gonad and body length during early larval development, and found no statistically significant differences between rescued animals, non-rescued siblings, and N2 larvae during early development ( Figure S2 ). These results suggest the gonad in ccdc-55(ok2851) animals continues to elongate even after the animal has stopped growing (Fig. 2 D and E) . This data, in combination with the observation that ccdc-55(ok2851) DTCs are normal in general morphology suggests the DTCs are correctly specified and motile in ccdc-55(ok2851) animals. The ccdc-55(ok2851) homozygous animals remain arrested until they die at approximately 2 weeks of age (Fig. 2F ).
CCDC-55 is broadly expressed
The ccdc-55 message is transcribed as part of a multi-gene operon, CEOP3156, with the predicted promoter 5 0 of rnf-121
(Garrido- Lecca and Blumenthal, 2010 ). An RNF-121 translational GFP reporter consisting of 8.1 kb of genomic sequence, including 5.7 kb 5 0 of rnf-121, is broadly expressed in larvae and adults, including muscle, seam, hypodermis, vulva and somatic gonad with prominent expression in the DTC (Darom et al., 2010) . Because ccdc-55 closely follows rnf-121 in the operon, and because rnf-121 and ccdc-55 show similar expression levels under a variety of different conditions (Celniker et al., 2009; Spencer et al., 2011) , it is likely the expression pattern seen in the rnf-121::GFP animals is relevant for ccdc-55. In C. elegans, genes contained in operons can also be expressed independently (Blumenthal and Gleason, 2003) , so the rnf-121-based expression pattern may not completely recapitulate the endogenous expression of ccdc-55. Despite the similarity of the rnf-121::GFP construct to our rescuing fragment at the 5 0 end, we have been unable to generate a rescuing GFP fusion of CCDC-55 using this promoter. This suggests GFP may interfere with the function of CCDC-55 or sequences 3 0 of ccdc-55 may be necessary for proper expression. Therefore, in order to determine the subcellular localization of CCDC-55, we generated animals that express a CCDC-55::GFP fusion protein in the DTC under the control of the lag-2 promoter. In these animals, we observed a nuclear and cytoplasmic distribution of CCDC-55::GFP in the DTC (Fig. 3) .
Depletion of ccdc-55 by RNAi results in inappropriate DTC migration
The gene ccdc-55 was isolated in a genome-wide RNAi screen as a regulator of distal tip cell (DTC) migration (Cram et al., 2006) . The early larval arrest phenotype of the ok2851 allele precludes scoring of DTC migration, which occurs later in larval development. Therefore, we used an RNAi feeding approach, which does not result in larval arrest, to deplete ccdc-55 and monitored DTC migration phenotypes in young adult animals. In control animals, the DTC stops migrating by the end of L4 and is correctly positioned adjacent to the vulva (Table 1 and Fig. 4A ). In ccdc-55 RNAi treated animals, the DTC does not stop migrating at the correct position (Fig. 4B ), but instead continues migrating during adulthood. Quantitative analysis of the distance from the vulva to the DTC indicates that when ccdc-55 is depleted, the DTCs migrate much further past the midline than DTCs in control animals (Fig. 5) . The posterior DTC is more sensitive to the loss of ccdc-55 than the anterior DTC, showing increased severity (Fig. 5) and penetrance (Fig. 6 ) of defects. Importantly, similar results were obtained using a cDNA-based construct targeting the entire ccdc-55 open reading frame, a genomic construct targeting the middle exon, and two non-overlapping cDNAbased ccdc-55 RNAi targeting constructs (data not shown). Defects were rarely observed in animals fed control RNAi bacteria. By targeting pre-mRNA, nuclear RNAi can result in the depletion of co-transcribed genes in addition to the targeted gene (Bosher et al., 1999) . Because ccdc-55 is part of an operon, we performed feeding RNAi in a nuclear RNAi defective mutant, nrde-3(gg66) (Guang et al., 2008) . DTC migration defects in nrde-3(gg66) RNAi treated animals were not significantly different from those observed in wildtype animals ( Table 1) . These results suggest the observed DTC migration defects are specific to knockdown of ccdc-55.
2.5.
CCDC-55 is probably required in the DTC for cessation of migration
In order to investigate the hypothesis that CCDC-55 is required within the DTC to control cell migration, we used a cell-specific RNAi approach. Cell-specific RNAi is conducted in an rde-1(ne219) background which renders the animal resistant to RNAi (Tabara et al., 1999) . The effect of RNAi is limited to a specific subset of tissues through the transgenic expression of RDE-1 with a more cell-specific promoter. DTC-specific RNAi was performed in a strain (rde-1(ne219); lag-2::RDE-1; lag-2::GFP) that expresses RDE-1 strongly in the DTC (DTC RNAi). The lag-2 promoter is also active in the cells of the vulva (Chen and Greenwald, 2004 ) and the ventral nerve cord (Siegfried et al., 2004) , leaving open the possibility that ccdc-55 activity in other lag-2 expressing cell types may also play a role in DTC migration.
Using gon-1 RNAi, which produces a striking and highly reproducible DTC migration defect, we verified that genes can be silenced effectively in the DTC RNAi animals (data not shown). To further characterize the DTC RNAi animals, we treated them with talin RNAi. Talin is required for DTC migration and for the maintenance of actin in muscle cells (Cram et al., 2003) . In wild type animals, depletion of talin results in DTC migration defects (74%, N = 70) and paralysis (100%, N = 86). In contrast, the DTC RNAi animals display fewer DTC migration defects (44%, N = 68) and no evidence of paralysis (0%, N = 74). These results suggest talin is required both in the DTC and in other non-rescued cell types for DTC migration, and confirms that muscle is not responsive to RNAi in this strain. The control strain (rde-1(ne219); [lag-2::GFP]), which is not sensitive to RNAi (RNAi(-)), exhibits neither the gon-1 RNAi phenotype, the talin RNAi phenotype (data not shown), nor the ccdc-55 RNAi phenotype (Table 1 and Fig. 4C ). In contrast, depletion of ccdc-55 in the DTC RNAi strain results in a very similar phenotype to that seen in wildtype animals treated with ccdc-55 RNAi (Fig. 4D) . Although the DTC RNAi strain exhibits background defects in DTC migration when treated with control RNAi, a significant increase in DTC migration defects is observed in ccdc-55 RNAi treated animals (Table 1 and Figs. 5 and 6). These defects are similar in severity (Fig. 5) and penetrance (Fig. 6 ) to the phenotypes seen in ccdc-55 RNAi treated wildtype animals. These results suggest that CCDC-55 is likely to be required in the DTC to sense or respond to developmental and spatial cues to stop migrating. 
2.6.
ccdc-55, rnf-121, and rnf-5 all contribute to the cessation of DTC migration
Because genes expressed in operons often regulate similar cellular processes, we next investigated the role of the ubiquitin ligases rnf-121 and rnf-5 in DTC migration. The rnf-5(tm794) probable null allele is a 647 bp deletion in exon 2 that results in a frameshift and a stop codon after 37 amino acids (our own sequencing data and (Broday et al., 2004) ). The rnf-121(ok848) allele is a 1397-bp deletion that removes four of the six predicted transmembrane domains and the RING finger domain, and is also a putative null allele (Darom et al., 2010 ) (see Fig. 1 ). The rnf-121(ok848) and rnf-5(tm794) animals are viable and fertile, and have low penetrance, but reproducible defects in the migration of the posterior DTC (Fig. 6 ). When these animals are treated with ccdc-55 RNAi, the penetrance of the defects is not significantly increased compared to N2 (Table 1 and Fig. 6 ), but the severity of the defects is enhanced (Fig. 7) . The increase in severity is apparent in the rightward shift of the distribution of distances migrated past the vulva by the posterior DTCs (Fig. 7, right panels) . In this subset of the data, the mean overshoot in rnf-5(tm794) ccdc-55 RNAi treated animals is 95.2 ± 5.2 lm and in rnf-121(ok848) ccdc-55 RNAi treated animals is 93 ± 5.1 lm. These means are significantly different from wildtype posterior DTCs treated with ccdc-55 RNAi, in which an average overshoot of 78 ± 3.9 lm is observed (unpaired t-test, p = 0.008 and p = 0.02 respectively). These results demonstrate 0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 expression of neither RNF-5 nor RNF-121 is required for ccdc-55 RNAi to produce the overshoot phenotype, and suggest rnf-5 and rnf-121 may be acting in parallel with ccdc-55 to terminate DTC migration at the end of L4.
Discussion
This study presents the first characterization of C. elegans ccdc-55, a conserved novel regulator of larval development and cell migration. We identified ccdc-55 in a genome-wide in vivo RNAi screen for cell migration genes (Cram et al., 2006) . Although a probable null allele results in early larval arrest, RNAi depletion experiments demonstrate that CCDC-55 has a later role in the control of DTC migration and gonad morphogenesis. Strong expression of the ccdc-55 operon in the DTCs, and data from cell-specific RNAi depletion experiments, suggest CCDC-55 is probably required within the DTC to control migration. Our data suggest that two other genes in the operon, rnf-121 and rnf-5, also play a role in determining when and where the DTC should stop migrating.
RNF-121 and RNF-5 are E3 ubiquitin ligases (Broday et al., 2004; Darom et al., 2010; Zaidel-Bar et al., 2010) . RNF-5 colocalizes with UNC-95 in dense bodies, the nematode equivalent of focal adhesions (Broday et al., 2004) . UNC-95 has homology to paxillin in the LIM domains and LD4 region (Broday et al., 2004) . RNF-5 negatively regulates UNC-95 protein levels, most likely through ubiquitin-mediated degradation (Broday et al., 2004; Zaidel-Bar et al., 2010) . Similarly, the human homolog RNF5 mediates ubiquitination of paxillin and inhibition of cell motility in mammalian cell culture (Didier et al., 2003) . In C. elegans, overexpression of RNF-121 also leads to DTC migration defects, probably because of excessive degradation of the b-integrin PAT-3 and other targets (Darom et al., 2010) . No effect of ccdc-55 RNAi on integrin expression levels or localization was observed (data not shown). Because deletion of either rnf-5 or rnf-121 results in inappropriate continuation of DTC migration, and exacerbates the posterior DTC migration defect caused by ccdc-55 RNAi, it seems likely that the RNF proteins and CCDC-55 are inhibiting DTC migration at least partially via parallel pathways. anterior DTC posterior DTC control RNAi ccdc-55 RNAi Fig. 7 -Quantification of DTC migration in wildtype, rnf-121 and rnf-5 animals treated with ccdc-55 RNAi. Wildtype (top panels ''N2''), rnf-121(ok848) (middle panels) and rnf-5 (tm794) (bottom panels) animals were fed E. coli HT115(DE3) expressing sequences from the empty RNAi vector L4440 as a negative control (left) or ccdc-55 RNAi (right). Graphs are histograms of the distribution of distances that DTCs migrated past the vulva. Quantitative data depicted in these histograms were collected from the samples described in Table 1 . White bars represent the distribution of anterior DTC positions and black bars represent the distribution of posterior DTC positions in young adult animals.
DTCs in wildtype animals always stop migrating when they reach the dorsal surface adjacent to the vulva, however, little is known about how the cells make this decision. One of the few well-characterized factors known to play a role in DTC stopping is the transcription factor VAB-3/ Pax6 (Cinar and Chisholm, 2004; Meighan and Schwarzbauer, 2007; Nishiwaki, 1999) . VAB-3 appears to execute a stopping program at the end of larval development that involves switching between the PAT-2 and INA-1 a-integrins (Meighan and Schwarzbauer, 2007) . In vab-3 mutant animals, the DTC migrates normally until the end of L4, and then continues to migrate circumferentially in the vicinity of the vulva producing ''cinnamon roll'' tipped gonad arms. VAB-3 is apparently not needed for the DTC to detect the correct stopping position, but is necessary to deactivate the L4 DTC migration program. This phenotype is in contrast to that seen in ccdc-55 depleted animals, in which the DTC proceeds past the vulva along the dorsal surface, producing long, straight gonad arms. Therefore, CCDC-55 is required for the DTC to detect the stopping position and for the cell to sense the developmental cue to stop migrating. Our DTC migration screen identified a small number of other genes required for DTC stopping, including cacn-1 (Cram et al., 2006) . CACN-1 is also a coiled-coil domain containing protein, and is homologous to the IKB/cactus binding protein cactin (Lin et al., 2000) . In cacn-1 RNAi treated animals, DTCs continue to migrate far past the correct stopping point, sometimes until they are stopped by the pharynx or the end of the tail (Tannoury et al., 2010) . These phenotypes suggest there may be two different cues, a positioning cue and a developmental timing cue. VAB-3 function is apparently needed for the DTCs to interpret the timing cue, but not the positioning cue, whereas CCDC-55 and CACN-1 function may be needed for both aspects.
Although the molecular function of CCDC-55 remains elusive, emerging evidence suggests the mammalian homolog of CCDC-55, NSrp70, regulates pre-mRNA splicing. NSrp70 has recently been proposed to contain RRM and RS-like domains in addition to the coiled-coil domain, and shown to bind RNA and to regulate splicing of specific transcripts (Kim et al., 2011) . Alternative splicing of specific transcripts may be important generally for the regulation of cell migration. For example, recent work on the mechanism of epithelial-mesenchymal transition (EMT) suggests that alternative splicing of cytoskeletal, junction, and cell migration genes drives the acquisition of a migratory cell phenotype and regulates migratory behavior of human breast cancer cells (Shapiro et al., 2011) . Although we have not yet been able to demonstrate a role for CCDC-55 in splicing, it seems likely that expression of specific isoforms of target genes may also be necessary for the DTC to sense and respond to temporal and spatial cues at the end of its migration program. The C. elegans DTC provides a powerful model system for understanding developmentally regulated cell migration. Probable relevance to other cell migration events, such as those underlying EMT, give these studies the potential to make an important contribution to our understanding of how cells transition between migratory and non-migratory states.
4.
Experimental procedures
C. elegans strains and culture
Nematodes were cultivated on NGM agar plates with Escherichia coli OP50 bacteria according to standard techniques (Brenner, 1974) . Nematode culture and observations were performed at 20°, unless otherwise indicated. The C. elegans strain FX794 rnf-5(tm794) was obtained from the Japanese National Bioresource Project. The LET-2::GFP/RFP line ybIs1371 [myo-3;let-2-9G myo-3;let-2-10R] was a gift of Hidehito Kuroyanai. NX61 rnf-121(ok848), a backcrossed version of RB953, was kindly provided by Limor Broday. DTC RNAi strains JK4135 rde-1(ne219); qIs57[lag-2::GFP] and JK4143 rde-1(ne219); qIs57[lag-2::GFP]; qIs140 [lag-2::RDE-1] were used in collaboration with Judith Kimble. The wildtype reference strain N2 (Bristol), the unc-52(e669) strain CB669, the nuclear RNAi defective strain nrde-3(gg66) strain YY158 and the balanced strain VC2493 +/mT1 II; ccdc-55(ok2851)/mT1[dpy-10(e128)] III were obtained from the Caenorhabditis Genetics Center. VC2493 animals were backcrossed to N2 five times and maintained as ccdc-55(ok2851)/+ heterozygotes for all experiments.
4.2.
RNA interference RNA interference was performed by feeding animals dsRNA-expressing HT115 DE3 E. coli essentially as described (Cram et al., 2006) . Eggs were obtained from gravid hermaphrodites using alkaline hypochlorite solution and transferred to NGM/Carbenicillin/IPTG plates seeded with RNAi bacteria. RNAi experiments were performed at 20°C. The original ccdc-55 RNAi observations were made using the Ahringer clone sjj_C16C10.6 (Cram et al., 2006) . This construct is a genomic fragment overlapping the middle exon of the gene. The RNAi experiments described in this paper were conducted using an RNAi construct targeting the whole open reading frame (Open Biosystems C. elegans RNAi library), a clone targeting the 5 0 559 bp of the sequence and a clone targeting the 3 0 646 bp of the sequence. The 5 0 and 3 0 RNAi targeting constructs for ccdc-55 were constructed by RT-PCR amplification of wildtype RNA using engineered restriction sites, and subsequently cloned into pPD129.36 (Fire Vector Kit). Talin RNAi experiments were performed using the Ahringer clone sjj_Y71G12A_195.e (Cram et al., 2003) . Empty pPD129.36 vector was used as a negative control in all feeding RNAi experiments. All primer sequences and cloning details are available upon request.
Analysis of larval phenotypes
Arrested ccdc-55(ok2851) homozygous animals were obtained from ccdc-55(ok2851)/+ heterozygous mothers. Heterozygotes were singled out to seeded NGM plates and allowed to lay eggs for 2 h at room temperature, and then genotyped using PCR to confirm heterozygosity. Progeny of the heterozygous mothers were propagated for 54 h at 20°C, at which point, arrested animals and non-arrested L4 siblings were collected. For control experiments, synchronized populations of N2 larval animals were obtained by hatching eggs prepared by alkaline lysis of gravid hermaphrodites on NGM plates with no food. Arrested L1 animals were transferred to NGM plates seeded with E. coli strain OP50, and grown for 20 h at 20°C. Second larval stage (L2) N2 control animals, arrested ccdc-55(ok2851) animals, and age-matched controls were mounted in a drop of M9 containing 0.1 M sodium azide on a slide coated with 2% agarose in water and examined using a Nikon 80i microscope with DIC optics. Body length and length of the somatic gonad were measured using Spot Advanced software version 4.6.4.6. All statistical analyses were performed using the GraphPad Prism statistical software package.
Determination of lifespan
For lifespan determination, putative ccdc-55(ok2851)/+ heterozygous animals were singled out to seeded NGM plates and allowed to lay eggs for 24 h at 20°C. After 48 h, arrested larvae and wildtype N2 controls were singled out to separate NGM plates and monitored each day for viability. Wildtype animals were carefully transferred to new plates every two days until egg laying stopped. Viability of non-moving animals was assessed by gentle prodding with a platinum wire. Statistical analysis of lifespan was performed using the GraphPad Prism statistical software package.
4.5.
Construction of ccdc-55::GFP transgenic animals
The high-fidelity Phusion PCR polymerase (New England Biolabs, Ipswich, MA) was used to amplify 1712 bp of DNA encoding ccdc-55 from genomic DNA (forward primer 5 0 -gcatgcctgcaggtcatggcatcaaaacggcatgtagg-3 0 and reverse primer 5 0 -cctttggccaatcccaatggaggtacaacaattcc-3 0 ). The PCR product was gel purified and inserted into the SmaI site of the GFP expression vector pPD95_77 (Fire Vector Kit) using the InFusion recombinase (Clontech) according to the manufacturer's instructions. 2848 bp of the lag-2 promoter were amplified with PstI compatible ends from the plasmid pJK590 (forward primer 5 0 -agctgcagtccctgaactactctactccac-3 0 , reverse primer 5 0 -gaccttgagctttgctagaagccctgcag-3 0 ), digested with PstI, purified, and cloned into the PstI site of pPD95_77 using T4 ligase (New England Biolabs). The resulting plasmid pUN151 was used for microinjection at an approximate concentration of 25 lg/mL with the rol-6(su1006) (pRF4) plasmid at 25 lg/mL as a co-injection marker. Transgenic strains were created by standard germline transformation technique (Mello et al., 1991) of wildtype animals to create strain UN1057 xbEx1057[lag-2::ccdc-55::gfp, rol-6].
ccdc-55 Genomic rescue
Complex extrachromosomal arrays were constructed and used for ccdc-55(ok2851) rescue. The high-fidelity Phusion PCR polymerase (New England Biolabs, Ipswich, MA) was used to amplify 15.5 kb of genomic DNA encompassing the CEOP3156 operon (forward primer 5 0 -aattcccgtggtttcggatgatcagctgaagg-3 0 and reverse primer 5 0 -agacttgtcgtgttctgttccctatacactgc-3 0 ). The amplified DNA was gel purified and an injection mixture consisting of 60 ng/lL DraI digested wildtype genomic DNA, 20 ng/lL PCR-amplified ccdc-55 genomic region, 40 ng/lL pTG96 (sur-5::GFP), and 15 ng/lL pRF4 (rol-6) was injected into wildtype hermaphrodites. The rescuing genomic construct encompasses the entire operon and spans from 5.9 kb upstream of rnf-121 to 500 bp downstream of C16C10.8, for a total of 15.5 kb. The complex array was introduced into ccdc-55(ok2851) animals by genetic cross to produce the line UN1139 xbEx1139[-CEOP3156(+), sur-5::GFP, rol-6(su1006)].
Analysis of gonad phenotypes
Partially synchronized populations of young adult animals were obtained by rearing embryos isolated using alkaline hypochlorite solution and propagating the animals at 23°C for 54 (N2) or 60 h (JK4135 and JK4143). In order to document gonad morphology, animals were mounted in a drop of M9 containing 0.1 M sodium azide on a slide coated with 2% agarose in water and examined using a Nikon 80i microscope with DIC optics. DTC migration defects were inferred from the resulting shape of the gonad arms. Defects such as insufficient distance migrated along the ventral surface, inappropriate or extra turns, and failure to cease migrating at the vulva were counted as DTC migration defects. The most common defect was failure to stop migrating at the correct position. Distance traveled by the DTC past the vulva was quantified using Spot Advanced software version 4.6.4.6. All proportions were compared for statistical significance by calculating binomial 95% confidence intervals with JavaStat. Non-overlapping intervals indicate significance at the p < 0.05 level. Means and standard deviations are compared using Student's t-test. All statistical analyses were performed using GraphPad Prism statistical software package.
